Mapping the phosphoprotein binding site on Sendai virus NP protein assembled into nucleocapsids  by Çevik, Bayram et al.
www.elsevier.com/locate/yviro
Virology 325 (2004) 216–224Mapping the phosphoprotein binding site on Sendai virus NP protein
assembled into nucleocapsids
Bayram C¸evik, Jeffrey Kaesberg, Sherin Smallwood, Joyce A. Feller, and Sue A. Moyer*
Department of Molecular Genetics and Microbiology, University of Florida College of Medicine, Gainesville, FL 32610, USAReceived 27 January 2004; returned to author for revision 26 February 2004; accepted 6 May 2004
Available online 20 June 2004Abstract
To catalyze RNA synthesis, the Sendai virus P–L RNA polymerase complex first binds the viral nucleocapsid (NC) template through an
interaction of the P subunit with NP assembled with the genome RNA. For replication, the polymerase utilizes an NP0–P complex as the
substrate for the encapsidation of newly synthesized RNAwhich involves both NP–RNA and NP–NP interactions. Previous studies showed
that the C-terminal 124 amino acids of NP (aa 401–524) contain the P-NC binding site. To further delineate the amino acids important for
this interaction, C-terminal truncations and site-directed mutations in NP were characterized for their replication activity and protein–protein
interactions. This C-terminal region was found in fact to be necessary for several different protein interactions. The C-terminal 492–524 aa
were nonessential for the complete activity of the protein. Deletion of amino acids 472–491, however, abolished replication activity due to a
specific defect in the formation of the NP0–P complex. Binding of the P protein of the polymerase complex to NC required aa 462–471 of
NP, while self-assembly of NP into NC required aa 440–461. Site-directed mutations from aa 435 to 491 showed, however, that the charged
amino acids in this region were not essential for these defects.
D 2004 Elsevier Inc. All rights reserved.Keywords: Nucleocapsid; NP0–P; Sendai virus
Introduction synthesis and all replicative products are resistant to nuc-Sendai virus is a member of the Paramyxovirus family
and has a single-stranded, negative sense () RNA genome
15384 nucleotides (nt) long (for a review, Lamb and
Kolakofsky, 2001). Based on the rule of six (Calain and
Roux, 1993), the genome of Sendai virus is encapsidated by
2564 molecules of the NP protein [524 amino acids (aa)]
forming the nucleocapsid (NC). The viral RNA-dependent
RNA polymerase, consisting of the large (L, 2228 aa) and
phosphoprotein (P, 568 aa) subunits is associated with the
NC in the virion. The viral RNA polymerase utilizes the NC
and not naked RNA as the template for transcription of
leader RNA and the individual mRNAs and for replication
of the genome RNA where the P, and not the L, subunit of
the polymerase binds to the NP assembled into NC. During
RNA replication, encapsidation by NP is coupled to RNA0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: smoyer@ufl.edu (S.A. Moyer).lease. In the current model for encapsidation utilizing an
NP0–P complex as substrate, there is an initial sequence
specific binding of NP to viral leader RNA followed by
the cooperative assembly of NP on the growing chain,
presumably through NP–NP and nonspecific NP–RNA
interactions (Lamb and Kolakofsky, 2001).
Several paramyxovirus NP proteins, including those of
Sendai and measles viruses, Newcastle disease virus (NDV),
and parainfluenza virus (PIV) 2, have been shown to self-
assemble into NC-like particles when they are expressed
alone, thus providing support for an NP–NP interaction
(Buchholz et al., 1993, 1994; Errington and Emmerson,
1997; Fooks et al., 1993; Nishio et al., 1999; Spehner et al.,
1991). In addition to the NP–RNA and NP–NP complexes,
an NP0–P interaction occurs (Homann et al., 1991), where P
protein is thought to act as a chaperone for NP, preventing its
self-assembly. The soluble NP0–P complex is required for
genome replication in vitro (Horikami et al., 1992) as it is the
substrate for encapsidation and it is believed that the P
protein is released once NP binds to the nascent RNA. An
NP0–P complex has also been demonstrated for other para-
myxoviruses, including measles (Huber et al., 1991; Spehner
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1993; Garcia-Barreno et al., 1996; Mallipeddi et al., 1996),
parainfluenza virus (PIV) types 2 and 3 (Nishio et al., 1996,
1999; Zhao and Banerjee, 1995), and SV5 (Precious et al.,
1995).
Individual domains in the Sendai NP protein for the
various interactions have been preliminarily mapped. Dele-
tion analysis has shown that the first 400 aa of NP are
required for both self-assembly and activity in RNA repli-
cation in vitro (Buchholz et al., 1993; Curran et al., 1993).
Protein–protein blotting analysis suggested that the first 400
aa were also required for the formation of the soluble NP0–P
complex (Homann et al., 1991). Further mutagenesis studies
identified individual amino acids in this region that were
required for assembly and template function in NP (Myers
and Moyer, 1997; Myers et al., 1997). The C-terminal 124 aa
of NP assembled in NC contain the binding site for the P
protein in the polymerase complex (Buchholz et al., 1994).
To identify specific amino acids in NP for the NC–P
interaction, we have analyzed additional C-terminal NP
truncation mutants as well as alanine scanning NP mutants
for their ability to form various protein–protein complexes
and for biological activity in viral RNA replication.Results
Activity of the C-terminal truncation mutants of Sendai NP
in RNA replication in vitro
Since the C-terminal 124 aa of NP contain the binding site
for P in the polymerase complex to NC, we first constructedFig. 1. In vitro DI-H RNA replication with the C-terminal NP truncation mutants
(Mock) or cotransfected with the P and L plasmids together with the indicated WT
acid in the protein. Cytoplasmic cell extracts were incubated with polymerase-free
NC products purified, the RNA extracted and analyzed by gel electrophoresis a
indicated. The amount of DI-H product was quantitated on a phosphorimager and c
values varied by <10%. (Bottom) Immunoblot analysis of samples of the extracts
are indicated. L protein is not detected by the a-SV antibody.progressive C-terminal truncations in the NP gene throughout
this region. This gave NP proteins containing aa 1 through
516, 508, 500, 491, 481, 471, 461, 451, and 439, which were
designated by their C-terminal aa. These NP mutants were
assayed for biological activity in supporting DI-H genome
replication in vitro. This assay measures one round of RNA
synthesis and encapsidation from an added template (Curran
et al., 1993). The viral proteins were expressed by transfec-
tion of VVT7 infected cells with the wildtype (WT) or mutant
NP plasmids together with the L and P polymerase plasmids.
Cytoplasmic extracts were prepared and incubated with
polymerase-free DI-H RNA-NP template in the presence of
[a-32P]CTP. The nuclease resistant replication products were
isolated and analyzed by gel electrophoresis. In vitro DI-H
RNA replication occurred with polymerase and the WT NP
protein (Figs. 1A, lane 2; 1B, lane 6), but no replication
occurred in the absence of viral proteins (Figs. 1A, lane 1; 1B,
lane 7) showing that the template was free of endoge-
nous polymerase and replication was dependent on added
viral proteins. RNA replication with each of the progressive
C-terminal truncations to NP 491 was the same or actually
better than WT NP, however, truncations in NP 481 and NP
471 significantly reduced the activity to 19% and 4% of WT
NP, respectively (Figs. 1A and B). Further deletions in
NP 461, NP 451, and NP 439 abolished replicative activity.
Immunoblot analysis on a portion of the cell extracts showed
that while P protein was similarly expressed in all samples,
mutant NP protein expression was variable and particularly
reduced for mutants 471, 461, and 451 (Fig. 1, bottom). The
apparent increased activity of NP 508 and NP 500 could be
due to the increased levels of these proteins, however, NP 516
was equivalent in amount to WT NP, yet it was 2.7-fold more. (A and B) VVT7-infected A549 cells were transfected with no plasmids
or mutant NP plasmids. The mutant number represents the C-terminal amino
DI-H RNA-NP template in the presence of [a-32P]CTP, nuclease resistant
s described under Materials and methods. The position of DI-H RNA is
alculated relative to WT NP as 100%, where in two to three experiments, the
with a-SV and a-P antibodies where the positions of the P and NP proteins
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have a negative effect on replication. The shorter mutants
were synthesized in reduced amounts, which would account
for part of the loss of activity, but not for the complete
abolishment of replication.
Activity of the C-terminal truncation mutants of Sendai NP
in RNA replication in vivo
The activity of the mutant NP proteins was also
assessed for DI-H replication in vivo. This assay differs
from its in vitro counterpart in that following VVT7
infection, plasmids encoding P, L and the indicated
NP mutants, and a plasmid containing a cDNA copy of
the DI-H genome are all transfected simultaneously. T7
transcription from the DI-H plasmid yields (+) sense DI-H
genome RNA, which is then nonspecifically encapsidated
by the NP protein. The encapsidated (+) sense DI-H is
then replicated in vivo by the viral polymerase with
multiple rounds of amplification required to detect ()
sense DI-H product. Cell extracts were prepared and
digested with micrococcal nuclease to eliminate any non-
encapsidated RNA. The nuclease-resistant replication prod-
ucts were then isolated, separated by gel electrophoresis,
and detected by Northern blot analysis with a probe
specific for () sense DI-H genome RNA as described
under Materials and methods. In the absence of viral
proteins, no DI-H RNA was replicated, while full-length
DI-H RNA was synthesized in the presence of the P, L and
WT NP proteins (Figs. 2A and B, lanes 1 and 2). Each of
the C-terminal NP truncations to aa 491 gave replicative
activity in vivo similar to or better that of WT NP (Fig.
2A) as for in vitro replication. However, all of the further
truncations to aa 439 gave no replication (Fig. 2B), inFig. 2. In vivo DI-H RNA replication with the C-terminal NP truncation mutants.
alone (Mock) or cotransfected with the DI-H, P, and L plasmids together with the in
treated, the RNA extracted and detected by Northern blot analysis with a () stra
position of DI-H RNA is indicated. The amount of product in two to three experim
as 100%, where the values varied by <10%. (Bottom). Immunoblot analysis of sam
P and NP proteins are indicated.contrast to NP 481 and 471 in vitro which gave some
activity (Fig. 1B). Immunoblot analysis again showed that
the NP proteins were all expressed, although not all at
the level of WT NP for the shorter proteins (Fig. 2,
bottom). These data show that aa 492–524 of NP are
not required for genome replication in vitro or in vivo,
while further truncations progressively decrease or abolish
activity, respectively.
Activity of site-directed NP mutants in RNA replication in
vitro and in vivo
Since the region of NP consisting of aa 440–491 is
important for the activity of the protein in replication, we
constructed eight alanine scanning site-directed mutants
from aa 435 to 491 as described under Materials and
methods (Fig. 3A) to try to identify the essential amino
acids. The mutations changed groups of clustered charged
amino acids or in one case hydrophobic amino acids
(NP 85) to alanine. The positions of these mutants relative
to the truncation mutants are shown in Fig. 3B. The
activities of these NP mutants were assessed for DI-H
replication in vitro and in vivo as described above. All of
the NP proteins were synthesized in approximately equal
amounts (Fig. 4, bottom), and surprisingly, all of the
mutants retained significant replicative activity both in
vitro (Fig. 4A) and in vivo (Fig. 4B) compared to the WT
NP control. Mutants NP 87 and NP 88 gave the least
activity (55% of WT NP) in vitro, and most of the
mutants showed somewhat less replication in vivo com-
pared to in vitro. Clearly, none of the small changes
within this essential region of NP reproduced the drastic
inhibitory effects of the successive deletion of 9–10
amino acids throughout this region (Figs. 1 and 2). To(A and B) VVT7-infected A549 cells were transfected with DI-H plasmid
dicated WT or mutant NP plasmids. Cytoplasmic cell extracts were nuclease
nd specific DI-H riboprobe as described under Materials and methods. The
ents was quantitated on a phosphorimager and calculated relative to WT NP
ples of the extracts with a-SVand a-P antibodies, where the positions of the
Fig. 3. Truncated and site-directed mutants of the Sendai NP protein. (A) Amino acid changes for each site-directed alanine scanning NP mutant constructed as
described under Materials and methods. (B) The sequence of the WT and truncated NP mutants is shown as well as the positions of the site directed mutants
where the bold letters indicate amino acids that were changed to alanine. The blocks indicated below show sites for the indicated interactions.
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protein would have an additive effect, the changes in NP
87, NP 88, or NP 89 were subcloned into NP 83 to create
three double mutants. Analysis of replication in vitro andFig. 4. In vitro and in vivo DI-H RNA replication with the NP site directed mutant
or cotransfected with the P and L plasmids together with the indicated WT or muta
[a-32P]CTP, nuclease resistant NC products purified, the RNA extracted and analy
with DI-H plasmid alone (Mock) or cotransfected with the DI-H, P, and L plasmid
extracts were nuclease treated, the RNA extracted and detected by Northern blot an
is indicated. (Bottom) Immunoblot analysis of samples of the extracts with a-SVanin vivo showed about the same level of activity with the
double mutants as with the single mutants (data not
shown), so these combinations at least were not additive
or synergistic.s. (A) VVT7-infected A549 cells were transfected with no plasmids (Mock)
nt NP plasmids. Cytoplasmic cell extracts were incubated in the presence of
zed by gel electrophoresis. (B) VVT7-infected A549 cells were transfected
s together with the indicated WT or mutant NP plasmids. Cytoplasmic cell
alysis with a () strand specific DI-H riboprobe. The position of DI-H RNA
d a-P antibodies, where the positions of the P and NP proteins are indicated.
Fig. 5. Self-assembly of mutant NP proteins and polymerase binding to NC.
VVT7-infected A549 cells were transfected with no plasmids (Mock) or the
WT or mutant NP plasmids or in separate dishes with the P and L plasmids
and were incubated overnight. (A) Samples of total proteins were separated
by SDS-PAGE and analyzed by immunoblot with a-SVand a-P antibodies.
The extracts with NP were fractionated by sedimentation on 30% glycerol
and the pelleted NCs were resuspended and incubated with the P–L extract
for 1 h at 4 C as described under Materials and methods. (B) The samples
were sedimented through 30–50% glycerol, the pellet separated by SDS-
PAGE, and the proteins detected by immunoblot with a-SV and a-P
Fig. 6. Sedimentation analysis of NP0–P complex formation. VVT7-
infected A549 cells were transfected with the indicated WT (A), 481 (B), or
471 (C) NP plasmids in the absence () or presence (+) of P plasmid. The
cells were labeled with Express-35S, cytoplasmic cell extracts were prepared
and fractionated on a glycerol gradient as described under Materials and
methods. The gradient fractions were collected, immunoprecipitated with
a-P and a-SV antibodies, and analyzed by SDS-PAGE. Sedimentation is
from left to right. The positions of the proteins are indicated.
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Sendai NP and binding of polymerase to the mutant NCs
Replication requires the assembly of NP into NCs and the
binding of P in the polymerase complex to this template.
Since the C-terminal truncations to NP 481 through NP 439
significantly inhibited or abolished the replicative activity of
the protein, the NP–NP and NC–P interactions of these
mutants were analyzed to determine where the defect(s)
might occur. Each NP mutant was expressed alone and the
P and L proteins were expressed separately in VVT7 infected
and transfected cells. Western blot analysis of total cell
extracts showed that the mutant NP proteins as well as the
P protein were expressed (Fig. 5A). In this particular exper-
iment, the WT NP was significantly overexpressed. Any
NCs-like particles assembled from each mutant were purified
by sedimentation and incubated with the P–L complex
expressed separately as described under Materials and meth-
ods. The samples were then sedimented through glycerol and
the pellets were collected and analyzed by Western blot to
monitor the proteins associated with anyNCs. No protein was
detected in Mock indicating that nonspecific proteins were
not pelleted and there was only a small amount of the P
protein pelleting in the absence of NCs (Fig. 5B, lanes 1 and
8). WT NP formed NC-like particles and the P protein and
antibodies. The positions of the viral proteins are indicated.presumably L copelleted and, therefore, bound to the NC
(Fig. 5B, lane 2). Since in this case NPwas overexpressed, the
amount of P bound represents the maximal P available and
the ratio of P to NP is not optimal. The mutants NP 481, NP
471, and NP 461 also formed NC-like particles at a level
proportional to the amount of protein expressed; however, the
formation of NC-like particles was significantly reduced in
NP 451 and completely abolished in NP 439 (Fig. 5B). These
data show that the region between aa 440 and 461 is required
for the self-assembly of NP. The maximal or nearly maximal
amount of P protein of the polymerase bound to NC-like
particles formed with NP 481 and NP 471, respectively, but P
did not bind over background to the NC formed fromNP 461.
Since NP 451 and NP 439 were defective in NC assembly, the
binding of the P protein was not expected and only back-
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these data, the P polymerase-binding site on NC is located
between aa 462 and 471 of NP.
Defects in the formation of the mutant NP0–P complexes
contribute to viral replication defects
The replication defect in an inactive NP truncation mutant
could also be due to a defect in NP0–P complex formation or
function if NP self-assembles and P still binds to the NC. By
sedimentation analysis as described under Materials and
methods, one can monitor NP0–P complex formation by a
shift of NP from a soluble formwhen it is expressed alone to a
faster sedimenting NP–P complex when NP and P are co-
expressed. A portion of WT NP protein expressed alone
sedimented near the top of the gradient in fractions 4–7 (Fig.
6A, P), which we designate as free NP (NP0), while the
majority of NP pelleted as assembled NC-like structures (data
not shown). The P protein expressed alone sedimented as a
tetramer (Taboureich et al., 2001a, 2001b) in fractions 7–11
(data not shown). When P was co-expressed with WT NP
under conditions optimal for viral replication, NP0 now co-
sedimented with P in fractions 7–10 (Fig. 6A, +P) rather than
as free NP, forming an NP0–P complex as we showed
previously (Tuckis et al., 2002). The truncation mutants NP
481 and NP 471 when expressed in the absence of P also
sedimented in fractions 4–7, but in reduced amounts as seen
for the reduction in total NP (Figs. 1 and 2) and self-
assembled NC were in the pellet (not shown). In each case
in the presence of P, some (about half), but not all, of the
soluble mutant protein shifted to co-sediment with P (Figs.
6B and C). These soluble NP sedimentation profiles are
different from that of WT NP with P and suggest that while
some NP0–P complex can form with these mutants the inter-
action is not complete or normal. These results suggest that
the significant reduction in the replicative activity of the NP
481 and NP 471mutants is due to the lack of the proper NP0–
P replication substrate since their NCs both still bind P
protein.Discussion
Sequence analysis of the NP proteins of the related PIV1,
PIV3 and Sendai viruses revealed the presence of a conserved
N-terminal region (CR1, aa 1–425) and an overall hyper-
variable C-terminal region (aa 426–524) which contain two
small stretches of conserved sequences from aa 463 to 488
(CR2—77% identity) and aa 508 to 524 (CR3—65% iden-
tity) (Curran et al., 1993). The C-terminal hypervariable
region is a common feature of all paramyxovirus NP proteins
(Miyahara et al., 1992). Since the P binding site on Sendai NP
assembled into NC was initially mapped to the hypervariable
C-terminal region (Buchholz et al., 1994), we truncated
Sendai NP by successively deleting 9–10 aa throughout this
region to further delineate the P binding site. Analysis of thebiological activity of the truncation mutants both in vitro and
in vivo showed that C-terminal truncations up to aa 491 had
no effect on replication (Figs. 1 and 2). Further deletion of the
protein in NP 481 and NP 471, significantly reduced activity
in vitro (19% and 4%, respectively), but abolished it in vivo,
and all replicative activity was abolished by the deletions in
NP 461, NP 451, and NP 439. The reason for the differences
in the activities of mutants NP 481 and NP 471 in vitro and in
vivo is not clear, but is probably due to defects in the
additional requirement in cells for template function of NP
during the multiple rounds of replication which is not needed
in vitro where purified WT NC is used as template.
Although all of the in vivo and most of the in vitro
replication data obtained in this study agree with the
analysis of different deletions of the C-terminal region of
the NP protein previously reported by Curran et al. (1993),
some of our in vitro findings differ significantly. In the
earlier study, deletion of aa 456–524 of NP protein did not
have any effect on in vitro replication; however, our in vitro
replication data showed clearly and consistently in repeated
experiments that the truncation to aa 461 eliminated all
replicative activity and the shorter truncations in NP 481
and NP 471 significantly reduced the activity. This variation
could result from the differences in the sites of truncations,
although our inactive mutant contained more of NP (461 aa)
than the reported active mutant (455 aa). Further, the
identification of specific defects in protein–protein inter-
actions in these mutants as discussed above is consistent
with the defects in RNA replication.
Replication of the genomic RNA of paramyxoviruses
requires multiple interactions of the NP protein including
formation of NP0–P, NP–NP, and NP–RNA complexes, the
interaction of the P subunit of polymerase with the nucleo-
capsid template (NC–P binding), as well as the more unde-
fined template function of NP assembled into NC. The
analysis of the different defective NP truncation mutants
described here has allowed the assignment of specific regions
within the C-terminus to each function. The first two of the
replication defective mutants NP 481 and NP 471 were
shown to self-assemble into nucleocapsid-like particles and
these NCs still bound P (Fig. 5), indicating that these
functions of the mutant proteins are not defective. By
sedimentation analysis it was demonstrated, however, that
NP0–P complex formation is defective in these mutants (Fig.
6), suggesting that aa 472–491 are required for this interac-
tion (Fig. 3B). Initially, it was suggested that just the first 400
aa of the Sendai NP protein were involved in the formation of
the soluble NP0–P complex (Buchholz et al., 1994; Homann
et al., 1991). These data show, however, that additional
sequences in the C-terminus, comprising part of the CR2
domain (aa 463–488) conserved in Sendai and PIV viruses,
are also required for the formation of a functional NP0–P
complex. NP0–P complexes have also been demonstrated for
other paramyxoviruses (Garcia et al., 1993; Huber et al.,
1991; Nishio et al., 1996; Precious et al., 1995; Zhao and
Banerjee, 1995). Preliminary mapping data show that some-
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P interactions for each virus as might be expected (Bankamp
et al., 1996; Garcia-Barreno et al., 1996; Liston et al., 1997;
Mallipeddi et al., 1996; Nishio et al., 1999).
The next defective mutant in the truncation series, NP
461, was also able to form NC-like particles; however,
binding to the P protein of the polymerase complex to its
NC was defective (Fig. 4). Therefore, our results suggest that
the P polymerase binding site on NP protein is located
between aa 462 and 471 (Fig. 3B), which is within
the previously identified larger P binding region of NP
protein from aa 426 to 487 (Buchholz et al., 1994). Finally,
for the remaining mutants, sedimentation analysis showed
that the self-assembly of NP was significantly reduced in NP
451 and completely abolished in NP 439 (Fig. 5). This
contributes to their defective replication and the data suggest
that the region between aa 440 and 461 is necessary for the
NP–NP interaction required for self-assembly of NP into NC
(Fig. 3B). Self-assembly also requires NP–RNA interactions
which were not distinguished from NP–NP interactions in
these studies. Previous studies also identified a highly
conserved region from aa 258 to 369 that also contributes
to the Sendai NP–NP interaction (Myers et al., 1997). In the
case of other paramyxoviruses, a central region of NP has
also been shown to be required for the self-assembly inter-
action (Bankamp et al., 1996; Liston et al., 1997; Nishio et
al., 1999), but for respiratory syncytial virus, just the N-
terminal 92 aa of NP was required for the production of NC-
like particles (Murphy et al., 2003). These analyses suggest
that specific regions of the C-terminus of Sendai NP are
involved in specific interactions. This identification would
be correct if these sites are linear peptides; however, it is also
possible the sites are not linear and that the truncations are
actually altering different regions of the proteins due to
changes in the folding of the mutant proteins.
Since the region from aa 440 to 491 of NP protein is
essential for replication activity and deletion mutants in
this region resulted in defects in NP–NP, NC–P, and
NP0–P interactions, we constructed and analyzed the
replication activity of eight alanine scanning mutants to
identify the essential amino acids in this region. Surpri-
singly, all of these mutants had either no effect or a
relatively a modest effect (20–45% decrease) on the
replicative activity of NP protein both in vivo and in vitro
(Fig. 4). In the region required for the NP0–P complex (aa
472–491), the site-directed mutants change 11/20 aa (Fig.
3B). The mutants changed 5/10 and 6/20 of the sequences
required for the NC–P and NP–NP complexes, respec-
tively. These data suggest that the mutated, predominantly
charged, amino acids were not essential for the function of
NP protein and it is the remaining residues in each region
that are required. Alternatively, the NP–NP, NC–P, and
NP0–P interactions do not depend on single or a few
amino acids but require the collective activity of multiple
amino acids in the region. Further studies will be required
to resolve these questions.Materials and methods
Cells, viruses, plasmids, and antibodies
Wild type (WT) Sendai virus and the Sendai virus
defective interfering particle, DI-H (Harris strain), were
propagated in the allantoic fluid of 9-day-old embryonated
chicken eggs and purified as described previously (Hori-
kami et al., 1992). Polymerase-free DI-H template was
prepared as described previously (Carlsen et al., 1985).
Recombinant vaccinia virus containing the gene for phage
T7 RNA polymerase (VVT7) (Fuerst et al., 1986) was
grown in A549 cells (American Type Culture Collection).
Protein and RNA syntheses were performed in human A549
cells. The Sendai plasmids pGEM-NP and pGEM-Pstop
(expressing the P but not the C proteins, designated pGEM-
P) and pGEM-L were described previously (Curran et al.,
1991). pSPDI-H (Myers and Moyer, 1997) contains a cDNA
copy of the DI-H genome containing only a 3V portion of the
L gene and copyback termini and does not encode any
proteins. All of the viral genes were cloned downstream of
the phage T7 promoter. Primary antibodies utilized for
immunoblot assays were: rabbit polyclonal anti-Sendai virus
antibody (a-SV) (Carlsen et al., 1985) and rabbit polyclonal
antibody specific for the P peptides of aa 274–298 and
453–477 (a-P, provided by Dr. K. Gupta, Rush Medical
College, Chicago, IL) (Byrappa et al., 1995).
Construction of NP mutants
Polymerase chain reaction (PCR) was used to construct
the C-terminal NP truncation mutants using a () sense
oligodeoxynucleotide primer with a stop codon followed by
an XbaI site that truncated the NP protein at aa 516, 508,
500, 491, 481, 471, 461, 451, and 439 and a (+) sense
primer SM90 from nt 763 to 780 upstream of the XbaI site
(sequences available on request) on pGEM-NP with Vent
polymerase (NEB). The PCR products were digested with
XbaI, cloned into pGEM-NP cut with XbaI and the colonies
screened for the correct orientation with appropriate pri-
mers. The mutations were confirmed by sequencing at the
University of Florida Sequencing Core.
The alanine-scanning site-directed NP mutants were
constructed by plasmid-based mutagenesis using the Trans-
former Site-Directed Mutagenesis Kit (Clonetech) with
mutant primers that introduced a new silent restriction site
(sequences available on request) for screening of the mutant
clones. The mutant plasmids were cut with XbaI and cloned
into those sites in pGEM-NP as above. Each mutant was
confirmed by sequencing of the subcloned region.
Viral genome replication in vitro and in vivo
For in vitro replication, 60-mm dishes of A549 cells were
infected with VVT7 and transfected with the L (0.5 Ag), P (5
Ag), and the WT or mutant NP (2 Ag) plasmids. At 18 h post
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lysolecithin permeabilization in incomplete Reaction Mix
(RM) [0.1 M HEPES (pH 8.5), 50 mM NH4Cl, 7 mM KCl,
1 mM DTT, 1 mM spermidine, 1 mM each ATP, GTP, and
UTP, 10 AM CTP, and 10% glycerol] as described previ-
ously (Chandrika et al., 1995; Horikami et al., 1992). The
nuclei were removed and the samples supplemented with
4.5 mM MgOAc and 0.5 U/Al RNasin. Actinomycin D (20
Ag/ml), 50 ACi [a-32P]CTP, and 2 Ag polymerase-free DI-H
RNA-NP and incubated for 2 h at 30 jC. The samples were
then digested with micrococcal nuclease (MN) (20 Ag/ml)
with 1 mM CaCl2 for 30 min at 30 jC followed by 2.2 mM
EGTA to inactivate the MN. The nuclease-resistant NC
RNA was isolated using the Qiagen RNeasy Total RNA
kit, and analyzed by electrophoresis on a 1.5% agarose/6 M
urea-citrate gel.
For in vivo replication, infected cells were transfected
as for in vitro replication with all the L, NP, and P
plasmids with the addition of plasmid pSPDI-H (2.5 Ag)
to all samples with pGEM4 (7.5 Ag) for the Mock sample.
Extracts were prepared in SV Salts [0.1 M HEPES
(pH 8.5), 50 mM NH4Cl, 7 mM KCl, 1 mM DTT], treated
with MN, and the nuclease-resistant NC-associated RNA
isolated using the Qiagen RNeasy Total RNA kit. The
RNA was separated on a 1.5% agarose/6 M urea gel and
transferred to Hybond-N nylon membrane. The unlabeled
DI-H replication products (sense) were detected
by Northern Blot analysis with 32P-labeled T7 DI-H
transcript (+sense) generated from XbaI-linearized pSPDI-
H plasmid. Hybridization was carried out overnight at 57
jC, the blot washed in 6 SSPE/0.1% SDS at room
temperature for 15 min, once in the same solution at 57
jC for 30 min, and twice in 2 SSPE/0.1% SDS at 57 jC
for 30 min. All RNA products were visualized by autora-
diography and quantitated on the phosphorimager (Mole-
cular Dynamics).
Protein analysis
Samples of extracts used for RNA synthesis were ana-
lyzed by immunoblot with a-SV and a-P antibodies and
visualized using the Enhanced Chemiluminescence Protein
Identification system (Amersham Life Science) according to
the manufacturer’s protocol. To measure the self-assembly
of the NP protein and P binding to NC, VVT7-infected
A549 cells were transfected in one dish with the WT or
mutant NP plasmids (2 Ag) or with the P and L plasmids in
separate dishes. The cytoplasmic cell extracts were prepared
at 4 jC in reaction mix salts (RM salts: 0.1 M HEPES, pH
8.5, 0.05 M NH4Cl, 7 mM KCl, and 4.5 mM magnesium
acetate) containing 0.25% NP40 and 1 Ag/ml aprotinin. The
lysate was clarified at 13000 rpm for 30 min at 4 jC to
remove the nuclei. The mock and self-assembled WT or
mutant NCs were purified by pelleting through 30% (v/v)
glycerol (5 ml) in an SW55 rotor at 50000 rpm for 90 min at
4 jC and the pellets resuspended. Equal samples of thepolymerase P–L extract were incubated for 1 h at 30 jC
either with the purified mock or assembled NCs and the
samples were sedimented through 30% and 50% glycerol as
above. The pellets were resuspended in RM salts and
analyzed by immunoblot with a-SV and a-P antibodies
and visualized using the Enhanced Chemiluminescence
Protein Identification system (Amersham Life Science)
according to the manufacturer’s protocol.
For glycerol gradient analysis of NP and P complex
formation, VVT7-infected cells in 100-mm dishes were
transfected with the WT or mutant NP (6 Ag) plasmids in
the absence or presence of the P plasmid (6 Ag), labeled
with Express-35S overnight and cell extracts made by
lysolecithin permeabilization as above. The samples were
fractionated by centrifugation on 5–20% (v/v) in 10 mM
HEPES, pH 8.5, and 1 mM EDTA glycerol gradients in the
SW41 rotor at 29000 rpm for 46 h. Gradient fractions
(1 ml) were collected, 0.5 ml was immunoprecipitated with
a-P and a-SV antibodies, and analyzed by SDS-PAGE and
autoradiography.Acknowledgments
This work was supported by NIH Grant AI 14594 (to
S.A.M.). The authors would like to thank Dorothy Smith
and Issam McDoom for the construction of the NP
truncations and site-directed double mutants, respectively.References
Bankamp, B., Horikami, S.M., Thompson, P.D., Huber, M., Billeter, M.,
Moyer, S.A., 1996. Domains of the measles virus N protein required for
binding to P protein and self-assembly. Virology 216, 272–277.
Buchholz, C.J., Spehner, D., Drillien, R., Neubert, W.J., Homann, H.E.,
1993. The conserved N-terminal region of Sendai virus NC protein NP
is required for NC assembly. J. Virol. 67, 5803–5812.
Buchholz, C.J., Retzler, C., Homann, H.E., Neubert, W.J., 1994. The car-
boxyl-terminal domain of Sendai virus NC protein is involved in com-
plex formation between phosphoprotein and NC-like particles. Virology
204, 770–776.
Byrappa, S., Hendricks, S., Pan, Y.-B., Seyer, J.M., Gupta, K.G., 1995.
Intracellular phosphorylation of the Sendai virus P protein. Virology
208, 408–413.
Calain, P., Roux, L., 1993. The rule of six, a basic feature for efficient
replication of Sendai virus defective interfering RNA. J. Virol. 67,
4822–4830.
Carlsen, S.R., Peluso, R.W., Moyer, S.A., 1985. In vitro replication of
Sendai virus wild-type and defective interfering particle genome RNAs.
J. Virol. 54, 493–500.
Chandrika, R., Horikami, S.M., Smallwood, S., Moyer, S.A., 1995. Muta-
tions in conserved domain I of the Sendai virus L polymerase protein
uncouple transcription and replication. Virology 213, 352–363.
Curran, J., Boeck, R., Kolakofsky, D., 1991. The Sendai virus P gene
expresses both an essential protein and an inhibitor of RNA synthesis
by shuffling modules via mRNA editing. EMBO J. 10, 3079–3085.
Curran, J., Homann, H., Buchholz, C., Rochat, S., Neubert, W., Kolakofsky,
D., 1993. The hypervariable C-terminal tail of the Sendai paramyxovirus
NC protein is required for template function but not for RNA encapsi-
dation. J. Virol. 67, 4358–4364.
B. C¸evik et al. / Virology 325 (2004) 216–224224Errington, W., Emmerson, P.T., 1997. Assembly of recombinant Newcastle
disease virus nucleocapsid protein into nucleocapsid-like structures is
inhibited by the phosphoprotein. J. Gen. Virol. 78, 2335–2339.
Fooks, A.R., Stephenson, J.R., Warnes, A., Dowsett, A.B., Rima, B.K.,
Wilkinson, G.W.G., 1993. Measles virus NC protein expressed in insect
cells assembles into NC-like structures. J. Gen. Virol. 74, 1439–1444.
Fuerst, T.R., Niles, E.G., Studier, F.W., Moss, B., 1986. Eukaryotic tran-
sient-expression system based on recombinant vaccinia virus that syn-
thesizes bacteriophage T7 RNA polymerase. Proc. Natl. Acad.
Sci. U.S.A. 83, 8122–8126.
Garcia, J., Barcia-Barreno, B., Vivo, A., Melero, J.A., 1993. Cytoplasmic
inclusions of respiratory syncytial virus-infected cells: formation of
inclusion bodies in transfected cells that coexpress the nucleoprotein,
the phosphoprotein and the 22k protein. Virology 195, 243–247.
Garcia-Barreno, B., Delgado, T., Melero, J.A., 1996. Identification of
protein regions involved in the interaction of human respiratory syncy-
tial virus phosphoprotein and nucleoprotein: significance for nucleo-
capsid assembly and formation of cytoplasmic inclusions. J. Virol.
70, 801–808.
Homann, H.E., Willenbrink, W., Buchholz, C.J., Neubert, W.J., 1991.
Sendai virus protein–protein interactions studied by a protein-blotting
protein-overlay technique: mapping of domains on NP protein required
for binding to P protein. J. Virol. 65, 1304–1309.
Horikami, S.M., Curran, J., Kolakofsky, D., Moyer, S.A., 1992. Com-
plexes of Sendai virus NP–P and P–L proteins are required for de-
fective interfering particle genome replication in vitro. J. Virol. 66,
4901–4908.
Huber, M., Cattaneo, R., Spielhofer, P., O¨rvell, C., Norrby, E., Messerli,
M., Perriard, J.-C., Billeter, M.A., 1991. Measles virus phosphoprotein
retains the NC protein in the cytoplasm. Virology 185, 299–308.
Lamb, R.A., Kolakofsky, D., 2001. Paramyxoviridae: the viruses and
their replication. In: Knipe, D.M., Howley, P.M. (Eds.), Fundamental
Virology, 43rd ed. Lippincott, Williams & Wilkins, Philadelphia,
pp. 689–724.
Liston, P., Batal, R., DiFlumeri, C., Briedis, D.J., 1997. Protein interaction
domains of the measles virus nucleocapsid protein (NP). Arch. Virol.
142, 305–321.
Mallipeddi, S.K., Pupiani, B., Samal, S.K., 1996. Mapping the domains
on the phosphoprotein of bovine respiratory syncytial virus required
for N-P interaction using a two-hybrid system. J. Gen. Virol. 77,
1019–1023.
Miyahara, K., Kitada, S., Yoshimoto, M., Matsumura, H., Kawano, M.,
Komada, H., Tsurudome, M., Kusugawa, S., Nishio, M., Ito, Y., 1992.
Molecular evolution of paramyxoviruses: nucleotide sequence analyses
of the human parainfluenza type I virus NP and M protein genes andconstruction of phylogenetic trees for all the human paramyxoviruses.
Arch. Virol. 124, 255–268.
Murphy, L.B., Loney, C., Murray, J., Bhella, D., Ashton, R., Yeo, R.P.,
2003. Investigations into the amino-terminal domain of the respiratory
syncytial virus nucleocapsid protein reveal elements important for nu-
cleocapsid formation and interaction with the phosphoprotein. Virology
307, 143–153.
Myers, T.M., Moyer, S.A., 1997. An amino-terminal domain of the Sendai
virus NC protein is required for template function in viral RNA syn-
thesis. J. Virol. 71, 918–924.
Myers, T.M., Pieters, A., Moyer, S.A., 1997. A highly conserved region of
the Sendai virus NC protein contributes to the NP–NP binding domain.
Virology 229, 322–335.
Nishio, M., Tsurudome, M., Kawano, M., Watanabe, N., Ohgimoto, S.,
Ito, M., Komada, H., Ito, Y., 1996. Interaction between nucleocapsid
protein (NP) and phosphoprotein (P) of human parainfluenza virus
type 2: one of the two NP binding sites on P is essential for granule
formation. J. Gen. Virol. 77, 2457–2463.
Nishio, M., Tsurudome, M., Ito, M., Kawano, M., Kusagawa, S., Komada,
H., Ito, Y., 1999. Mapping of domains on the human parainfluenza virus
type 2 nucleocapsid protein (NP) required for NP–phosphoprotein or
NP–NP interaction. J. Gen. Virol. 80, 2017–2022.
Precious, B., Young, D.F., Bermingham, A., Fearns, R., Ryan, M., Randall,
R.E., 1995. Inducible expression of the P, V and NP genes of the
paramyxovirus SV5 in cell-lines and an examination of NP:P and
NP:V interactions. J. Virol. 69, 8001–8010.
Spehner, D., Kirn, A., Drillien, R., 1991. Assembly of NC-like structures in
animal cells infected with a vaccinia virus recombinant encoding the
measles virus nucleoprotein. J. Virol. 65, 6296–6300.
Spehner, D., Drillien, R., Howley, P.M., 1997. The assembly of the measles
virus nucleoprotein into NC-like particles is modulated by the phospho-
protein. Virology 232, 260–268.
Tarbouriech, N., Curran, J., Ebel, C., Ruigrok, K.W.H., Burmeister, W.P.,
2000a. On the domain structure and the polymerization state of the
Sendai virus P protein. Virology 266, 99–109.
Tarbouriech, N., Curran, J., Ruigrok, R.W.H., Burmeister, W.P., 2000b.
Tetrameric coiled coil domain of Sendai virus phosphoprotein. Nat.
Struct. Biol. 7, 777–781.
Tuckis, J., Smallwood, S., Feller, J.A., Moyer, S.A., 2002. The C-terminal
88 amino acids of the Sendai virus P protein have multiple functions
separable by mutation. J. Virol. 76, 68–77.
Zhao, H., Banerjee, A.K., 1995. Interaction between the nucleocapsid pro-
tein and the phosphoprotein of human parainfluenza virus 3. Mapping
of the interacting domains using a two-hybrid system. J. Biol. Chem.
270, 12485–12490.
